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Bacillus subtilis can grow under anaerobic conditions, either with nitrate or nitrite as the electron acceptor
or by fermentation. A DNA microarray containing 4,020 genes from this organism was constructed to explore
anaerobic gene expression patterns on a genomic scale. When mRNA levels of aerobic and anaerobic cultures
during exponential growth were compared, several hundred genes were observed to be induced or repressed
under anaerobic conditions. These genes are involved in a variety of cell functions, including carbon metab-
olism, electron transport, iron uptake, antibiotic production, and stress response. Among the highly induced
genes are not only those responsible for nitrate respiration and fermentation but also those of unknown
function. Certain groups of genes were specifically regulated during anaerobic growth on nitrite, while others
were primarily affected during fermentative growth, indicating a complex regulatory circuitry of anaerobic

metabolism.

In recent years, Bacillus subtilis has been shown to be a
facultative bacterium capable of growing with nitrate or nitrite
as the electron acceptor or growing by fermentation in the
absence of oxygen (22). The process of dissimilatory reduction
of nitrate to ammonia is carried out by two enzymes, the
membrane-bound nitrate reductase and the NADH-depen-
dent nitrite reductase (8, 9, 19). The nitrate reductase is en-
coded by the narGHJI operon, which is controlled by FNR, an
anaerobic regulator (12). The nitrite reductase is encoded by
the nasDEF operon, which is not controlled by FNR, since no
effect on anaerobic growth on nitrite has been observed in fir
mutant strains. Both frur and nasDEF regions are regulated by
the two-component signal transduction system ResDE, which
also controls the expression of the resABC, qcrABC, and cta
regions (16, 23, 28). Furthermore, the ResDE™~ mutant re-
quires six-carbon sugars for normal growth. These results in-
dicate that ResDE plays a global role in both aerobic and
anaerobic respiration.

In the absence of nitrate and nitrite, B. subtilis grows poorly
on glucose under anaerobic conditions (18). Efficient fermen-
tative growth can be obtained if pyruvate is provided. Lactates,
acetate, and ethanol are found to be the end products of
fermentation. Fermentative growth requires the ftsH gene but
does not require the FNR gene. In addition, resD and resDE
mutations have a moderate effect on fermentative growth.
These results suggest that nitrate respiration and fermentation
are governed by divergent regulatory pathways (18).

Recent advances in functional genomic technologies such as
DNA microarray construction provide a unique way to explore
the metabolic and genetic control of gene expression on a
genomic scale (6). The fact that the complete sequence of B.
subtilis is available (14) makes it feasible to apply these func-
tional genomic technologies. To investigate the global changes
in gene expression associated with anaerobiosis in B. subtilis,
we constructed DNA microarrays containing 4,020 open read-
ing frames (ORFs). These microarrays were used to investigate

* Corresponding author. Mailing address: Experimental Station
E328/148B, DuPont Central Research and Development, Route 141
and Henry Clay Rd., Wilmington, DE 19880. Phone: (302) 695-1750.
Fax: (302) 695-1829. E-mail: rick.ye@usa.dupont.com.

4458

the differential gene expression patterns of aerobic and anaer-
obic cultures during exponential growth.

MATERIALS AND METHODS

Strains and growth conditions. The B. subtilis 168 derivative JH642 was ob-
tained from the Bacillus Genetic Stock Center (Columbus, Ohio). Strain THB2
was from Dieter Jahn (8).

B. subtilis strains were grown at 37°C in 2X YT medium (Gibco BRL, Gaith-
ersburg, Maryland) supplemented with 1% glucose and 20 mM K;PO, (pH 7.0).
For aerobic growth, 20 ml of prewarmed medium inoculated with 0.1 ml of
overnight culture (1:200 dilution) was placed in a 250-ml flask on a rotary
platform, which was rotated at the speed of 250 rpm. For anaerobic growth, 120
ml of prewarmed medium was placed in a 150-ml serum bottle. Potassium nitrate
at a concentration of 5 mM or potassium nitrite at a concentration of 2.5 mM was
added for anaerobic growth with alternative electron acceptors. The serum bottle
was capped with a Teflon-coated stopper, the gas phase was flushed, and the
bottle was filled with argon gas. For RNA isolations, samples were taken at an
optical density (OD) at 600 nm of 0.4 for aerobic cultures, an OD of 0.25 for
cultures grown on nitrate, an OD of 0.15 for cultures grown on nitrite, an OD of
0.12 for cultures grown by fermentation, and an OD of 0.16 for cultures grown
by fermentation in the presence of pyruvate.

PCR amplification. The oligonucleotides for all 4,100 ORFs of the B. subtilis
genome were purchased from Genosys (Woodlands, Tex.). The HotStart PCR
kit from Qiagen (Valencia, Calif.) was used for all PCRs. The cycling conditions
were as follows: 30 s of annealing at 55°C, 2 min of elongation at 72°C, and 30 s
of denaturing at 95°C. The PCR products were purified with the QIAquick
Multiwell PCR purification kit from Qiagen, and the quality of the PCRs was
checked by electrophoresis on an agarose (1%) gel. Each image was stored in a
database, and the observed sizes of the PCR products were automatically com-
pared to the expected sizes. All information related to problematic reactions
(wrong size, contamination, or missing bands) was used to redesign oligonucle-
otides. This information was also used as a reference to check the quality of
hybridization at a later stage. After two rounds of PCR, about 95% of the
reactions were successful and the remaining ORFs were amplified with another
set of oligonucleotides. If an ORF was larger than 3 kb, only a portion of the gene
(2 kb or less) was amplified. A total of 4,020 PCR products were obtained. These
PCR products were spotted onto sodium thiocyanate-optimized type-6 slides
(Amersham Pharmacia Biotech, Piscataway, N.J.) with the Generation III spot-
ter (Molecular Dynamics, Sunnyvale, Calif.). Each of the 4,020 PCR products
was spotted in duplicate on a single slide.

RNA isolation, labeling, and slide hybridization. Total RNA was isolated from
B. subtilis with the Qiagen RNeasy Mini kit. Cells grown to exponential phase
were suspended directly in lysis buffer and placed in a 2-ml tube with ceramic
beads from the FastRNA kit (Bio101, Vista, Calif.). The tube was shaken for 40 s
at the speed setting of 6.0 in a bead beater (FP120 FastPrep cell disrupter; Savant
Instruments, Inc., Holbrook, N.Y.). Residue DNA was removed on-column with
Qiagen RNase-free DNase. To generate cDNA probes with reverse transcrip-
tase, 10 to 15 pg of RNA was used for each labeling reaction. The protocol for
labeling was similar to the one previously described for yeast (6). For this work,
random hexamers (Gibco BRL) were used for priming and the fluorophor
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TABLE 1. Induction of genes involved in nitrate and nitrite respiration in B. subtilis JH642 grown under anaerobic conditions”

Induction (fold)

Gene Description
Nitrate respiration Nitrite respiration Fermentation

narG Nitrate reductase (alpha subunit) 398.8 488.9 275.5
narH Nitrate reductase (beta subunit) 636.6 743.4 430.8
narJ Assembling factor 215.8 208.5 125.1
narl Nitrate reductase (gamma subunit) 112.2 102.6 61.4
narkK Nitrite extrusion protein 137.8 136.8 110.9
fnr Global anaerobic regulator 105.1 117.1 115.8
hmp"® Flavohemoglobin 137.1 166.2 4.6
nasD Subunit of NADH-dependent nitrite reductase 39.8 38.6 15.3
nask Subunit of NADH-dependent nitrite reductase 16.9 15.0 39
nasF Cofactor; uroporphyrin-III C-methyltransferase 9.9 9.0 2.4
resD Two-component response regulator 4.5 6.8 5.7
resk Sensor kinase 4.4 6.3 5.4

¢ Cultures were grown in a buffered 2X YT medium with 1% glucose, as described in Materials and Methods. For anaerobic growth, 5 mM potassium nitrate or 2.5
mM potassium nitrite was used if needed. No pyruvate was added during fermentation growth. Total RNA was isolated from cells at exponential phase. The fold
induction value was obtained by calculating the ratio of the dye intensity of the anaerobic sample to that of the acrobic sample. Each data point is an average of the
results of four independent experiments. A ratio of 2.0 or below was not considered a significant increase.

b Physiological function is not known.

Cy3-dCTP or Cy5-dCTP (Amersham Pharmacia Biotech) was used for labeling.
After the labeling, RNA was removed by NaOH treatment and cDNA was
immediately purified with a Qiagen PCR Mini kit. The efficiency of labeling was
routinely monitored by measuring the absorbance at 260 nm (for DNA concen-
tration), 550 nm (for Cy3), or 650 nm (for Cy5).

Each total RNA preparation was labeled with both Cy3-dCTP and Cy5-dCTP.
To hybridize a single glass slide, the Cy3-dCTP-labeled probe from one growth
condition was mixed with the Cy5-dCTP-labeled probe from another and vice
versa. As a result, each experiment required two slides. An equal amount of
Cy3-dCTP or Cy5-dCTP-labeled probe, based on the incorporated dye concen-
tration, was applied to each slide. The hybridization was carried out at 37°C
overnight with Microarray hybridization buffer containing formamide (Amer-
sham Pharmacia Biotech). Slides were washed at 15-min intervals, once with a
solution containing 2X SSC (1xX SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) and 0.1% sodium dodecyl sulfate (SDS) at 37°C and three times with a
solution containing 0.1X SSC and 0.1% SDS at room temperature. The slides
were then rinsed with 0.1X SSC and distilled water. After drying under a stream
of N, the slides were scanned for the fluorescent intensity of both the Cy5 and
Cy3 fluors. The signal from each spot in the array was quantified using ArrayVi-
sion software from Molecular Dynamics.

Construction of resDE mutant. The 1.1-kb Sphl and Kpnl fragment was am-
plified with the primers GCATACATGCATGCCATTTCATCACAAGGTGG
GCTGC and ATCGGGGTACCGCTTCGTCATCAACTACTAAT and cloned
into the same restriction sites downstream of the chloramphenicol resistance
marker of a pBR322 derivative. The 0.78-kb BarmHI and Xhol fragment in the
resE region was amplified with primers ATCGCGGATCCTGCGGAATCGCA
CGTCAGAG 3’ and ATCCGCTCGAGAGATTCTTCGGCAAATTCAG and
cloned into a site upstream of the chloramphenicol resistance marker. The
resulting construct was linearized and introduced into the B. subtilis JH642 strain
by transformation. The resDE mutant strain was designated RY106. In this
mutant strain, 0.67 kb of resD and 1.0 kb of resE were deleted and replaced by the
chloramphenicol resistance cassette.

RESULTS

Construction of B. subtilis DNA microarrays for global gene
expression profiling. B. subtilis can grow under anaerobic con-
ditions, either with nitrate or nitrite as the electron acceptor or
by fermentation. In order to explore the gene expression pro-
files of B. subtilis grown under these conditions, 4,020 out of
4,100 possible ORFs in the genome were amplified and ar-
rayed individually on glass slides. Total RNA isolated from an
aerobic or anaerobic culture was labeled with the fluorescent
dyes Cy3-dCTP and Cy5-dCTP. The Cy3-dCTP- and Cy5-
dCTP-labeled probes from two samples to be compared were
combined and hybridized to the same slide. The fold induction

or repression in gene expression level was represented by the
fluorescence intensity ratio of these two dyes in the individual
spot. Among the 4,020 genes studied, the narGHJI locus, which
encodes the membrane-bound nitrate reductase, was the most
highly induced region (Table 1). The fnr gene, which encodes
the anaerobic regulator, had a fold induction value of approx-
imately 100. A lower-fold induction level (range, 8 to 40) was
observed for the nitrite reductase region, nasDEF, during an-
aerobic growth on nitrate or nitrite. As expected, no induction
was observed for the nar genes with finr mutant strain THB2
grown under oxygen-limiting conditions (data not shown).

Induction of genes involved in carbon metabolism. Although
fermentative growth on glucose is poor for B. subtilis, efficient
growth can be obtained with the addition of pyruvate (18). The
gene expression profiles related to carbon metabolism during
fermentative growth on glucose with or without pyruvate ad-
dition were investigated (Table 2). Without the addition of
pyruvate, expression of the lctP and IctE genes, which encode
the L-lactate permease and L-lactate dehydrogenase, was in-
creased by more than 100-fold compared to that in aerobic
culture. These two genes were also induced under anaerobic
conditions with the addition of pyruvate, but the level of in-
duction was reduced. Under the same conditions, the expres-
sion level of the pdhAB region encoding pyruvate dehydroge-
nase E1 alpha and beta subunits was repressed by more than
20-fold. Only a slight repression was observed with pdhC and
pdhD genes. This repression effect was alleviated by adding
pyruvate to the growth medium, indicating that pyruvate was
required for the full expression of the pdhABCD region.

When nitrite was used as the alternative electron acceptor,
the lctP and IctE genes were induced at levels about 10-fold
higher, and the mRNA level for the pdhAB region was slightly
reduced. No significant change in expression level for these
genes was found when nitrate was used.

The alsD gene encodes the acetolactate decarboxylase in-
volved in conversion of pyruvate to acetoin (25). This enzyme
is generally synthesized in detectable amounts only in cells that
have reached the stationary phase. Under anaerobic condi-
tions, however, the alsD gene was highly induced (Table 2).
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TABLE 2. Expression of genes involved in carbon metabolism of B. subtilis JH642 grown under anaerobic conditions”

Induction or repression (fold)

Gene Description Fermentation
Nitrate respiration Nitrite respiration
—Pyruvate +Pyruvate

lctE L-Lactate dehydrogenase 1.7 12.8 150.9 4.8
lctP L-Lactate permease 1.4 9.2 103.8 12.4
alsD Alpha-acetolactate decarboxylase 8.2 16.5 45.1 11.1
pdhA Pyruvate dehydrogenase (E1 alpha subunit) (1.7) (3.3) (26.9) (1.8)
pdhB Pyruvate dehydrogenase (E1 beta subunit) (1.4) (2.8) (26.9) (1.9)
pdhC Pyruvate dehydrogenase (E2 subunit) (1.3) (2.0) (3.2) (1.4)
pdhD Pyruvate dehydrogenase (E3 subunit) (1.2) (1.5) (2.4) (1.1)
glpF Glycerol uptake facilitator (2.7) (5.7) (2.7) (2.9)
glpK Glycerol kinase (2.6) (6.9) (6.4) 4.5)
gipT Glycerol-3-phosphate permease (5.6) (5.8) 9.5) (1.6)
glpQ Glycerophosphoryl diester phosphodiesterase (7.5) (5.8) (9.6) (2.2)

“The concentration of pyruvate was 1% when added. The fold induction was the ratio of the dye intensity of the anaerobic sample to that of the aerobic sample.
The fold repression (values in parentheses) was the ratio of the dye intensity of the aerobic sample to that of the anaerobic culture. Each data point is an average of
the results of four independent experiments. A ratio of 2.0 or below was not considered a significant increase. —Pyruvate, without pyruvate; +Pyruvate, with pyruvate.

Interestingly, the glpTQ and gIpFK regions involved in glycerol
metabolism were repressed under anaerobic conditions.

Expression profiles of uncharacterized DNA regions. Cur-
rently, a significant portion of the ORFs in the B. subtilis
genome remains uncharacterized. With the DNA microarray,
the mRNA levels of many uncharacterized ORFs were affected
under anaerobic conditions (Table 3). One of the induced
unknown genes was ydjL, which had an expression pattern
similar to that of alsD. The gene product of ydjL is similar to
the 2,3-butanediol dehydrogenase of Pseudomonas putida (11)
and the sorbitol dehydrogenase encoded by gutB, both of which
belong to the zinc-containing superfamily of dehydrogenases.
The induced uncharacterized gene ytkA is located upstream of
the stress-response gene dps, whose mRNA level was also
increased under anaerobic conditions (data not shown). The
unknown region yollJK is located downstream from the lan-
tibiotic gene sunA (24). The gene product YolJ is similar to
PInO, containing a putative motif for aspartyl protease. The
yolK and yoll genes encode proteins that have similarities to
the disulfide bond oxidoreductase (disulfide bond formation
protein) and thioredoxin. This suggests that the yollJK region
could potentially have a role in the processing of sublancin 168
lantibiotic precursor.

Transcriptional levels of some unknown genes, such as ywc/,
yumD, ykzH, ykjA, ysfC, and ysfD, were increased significantly
under specific anaerobic conditions. Levels for yweJ and yumD
genes, for example, were increased by 30- or 50-fold under
fermentative conditions in the absence of pyruvate. High
mRNA levels for ykzH and ykjA genes were observed when the
cells were grown on nitrate or nitrite. It is possible that the
presence of nitrate or nitrite is required for the expression of
these two genes. The ykzH and ykjA genes are located adjacent
to hmp, and it is unclear whether their expression was due to
the read-through of the ~mp promoter. The ysfCD region was
induced during respiration on nitrate and nitrite and during
fermentation on glucose. No induction was found when pyru-
vate was added. The gene product YsfD is similar to proteins
containing iron-sulfur clusters ([Fe-S] proteins), while YsfC is
similar to one of the flavoprotein subunits of glycolate oxidase
of Escherichia coli and to D-lactate dehydrogenase of yeast.

Respiration on nitrite specifically induced or repressed a

group of unknown regions, including yfVWY, ykuNOP, and
yukML. The gene products YkuN and YkuP appear to be
flavodoxins, which often serve as electron transport compo-
nents. The yukM and yukL genes are located downstream from
the dhb region, and their expression patterns were similar
(Table 3 and Fig. 1). It is possible that they were regulated by
the same promoter(s).

The unknown regions yjICD and yxxG-yxiM were found to be
down-regulated during dissimilatory reduction of nitrate and
nitrite and during fermentative growth without pyruvate. The
change in mRNA levels for yxxG-yxiM was not significant when
pyruvate was added. The yxxG-yxiM region is located down-
stream from wapA, which encodes a cell wall-associated pro-
tein precursor. The wapA gene had the same expression pat-
tern as the yxxG-yxiM region (data not shown).

Induction of cytochrome genes. The most highly induced
cytochrome genes were those in the cydABCD region (Table
4), which is involved in the production of cytochrome bd oxi-
dase (29). On the other hand, the induction for the gcrABC
and qoxABCD regions was marginal. A modest induction for
hemHYE, resABC, and some genes in the cta region was ob-
served. Increases in transcriptional levels of these cytochrome
genes were found in the frnr mutant THB2 (data not shown),
suggesting that FNR was not essential for their expression.

Induction of genes involved in Fe uptake or transport. The
dhb region encodes enzymes responsible for the production of
siderophore 2,3-dihydroxylbenzoate, which is produced under
iron-limiting conditions so that the cell may acquire extracel-
lular iron (26). During anaerobic respiration on nitrite, nRNA
levels for genes in the dhbABCE region were increased by 10-
to 50-fold compared to those observed for the aerobic culture
(Fig. 1). A higher level of mRNA was also observed with iron
uptake region feuABC. The induction level for the dhb region
was lower during anaerobic growth on nitrate, while no induc-
tion was found with cells grown under fermentation conditions.

The fhuDBGC region encodes a ferrichrome uptake system
in B. subtilis (27). The mRNA levels of this region were re-
duced by 3- to 10-fold during fermentative growth on glucose.
Under the same conditions, the mRNA levels of yfimC and
ycINOPQ, which encode proteins that may have ferrichrome



TABLE 3. Expression profiles of unknown DNA regions of B. subtilis JH642 when grown under anaerobic conditions”

Induction or repression (fold)

Gene Similar protein or gene Nitrate Nitrite Fermentation
respiration respiration —Pyruvate +Pyruvate
ydjL Sorbitol or 2,3-butanediol dehydrogenase 7.7 11.6 23.2 8.4
yoll Thioredoxin 16.1 13.6 5.0 10.3
yolJ PInO of Lactobacillus plantarum 14.8 12.5 5.0 9.5
yolK Disulfide bond oxidoreductase 6.1 5.0 2.3 3.6
yell Response regulator 2.0 4.2 11.7 4.2
yelK Sensor histidine kinase 2.5 5.0 13.7 5.0
waK 7.5 7.5 8.6 13.9
yxalL 16.0 15.8 18.8 19.5
yfmQ 8.4 11.3 15.2 5.8
yneM 4.0 6.4 215 7.4
ytkA 6.6 12.7 16.6 10.5
wwfl 4.6 7.8 13.0 5.6
ydhE Macrolide glycosyltransferase 4.0 34 7.9 2.7
wiG 1.9 5.2 8.2 35
ywel Putative formate or nitrite transporter 24 6.7 52.7 7.6
yumD 1.1 3.6 30.2 1.1
wwiD 11.6 8.6 7.0 1.8
wiC 8.0 7.6 52 3.1
yyD 3.8 5.6 6.4 4.8
yvaW 5.4 7.0 4.5 20.6
yaX 5.8 7.7 48 17.1
waY 8.9 8.1 53 24.0
ysfC Flavoprotein of glycolate oxidase subunit (GlcD) and D-lactate 11.7 24.8 19.8 1.2
dehydrogenase (cytochrome)

ysfD [Fe-S] protein 7.0 14.5 11.3 1.0
yjdD Fructose phosphotransferase system enzyme II 5.2 4.8 (3.6) 3.9
yjdE Mannose-6-phosphate isomerase 5.4 4.7 (3.1) 3.7
yjdF 2.8 2.8 (1.7) 1.7
ykuN Flavodoxin 22 19.5 (1.8) 0.8
ykuO 1.8 20.0 (3.6) 1.0
ykuP Flavodoxin 2.0 18.1 (2.4) 0.9
yukM Antibiotic synthetase 2.4 34.2 1.0 0.8
yukL Antibiotic synthetase 1.5 8.4 0.9 0.8
wfV [Fe-S] protein 1.4) (7.0) 1.0 1.1
wfWw (1.6) (8.0) 1.1 1.5
wbY (1.4) (5.3) 12 1.2
ylC Unknown (7.2) (7.1) (9.4) (3.6)
yjilD NADH dehydrogenase (6.5) (5.9) (6.8) 3.1
wxG (4.4) (4.7) (12.7) (1.2)
wiF (4.3) (4.6) (11.3) (1.6)
wzC 4.7 (5.1) (13.3) (1.6)
wiG (4.5) (4.2) (11.6) (1.6)
wiH (3.4) (4.1) (7.0) (1.5)
wzG 3.9) (3.9) (8.8) (1.6)
yxil (4.1) (4.1) (9.9) (1.6)
yxiJ (3.1) (3.9) (5.9) (1.5)
wxiK 3.5) (4.4) (7.0) (1.9)
wiM (3.0) (4.2) (5.7) (1.9)
yurY ABC transporter (2.5) (2.6) (6.7) (1.7)
yurX (2.6) (2.5) (6.9) (1.9)
yurW NifS (2.5) (2.1) (6.3) (1.9)
yurV NifU (2.6) (2.2) (7.5) (1.5)
yurlU (2.3) (2.0) (6.0) (1.8)
ycIN (3.0) (1.8) (5.6) (2.7)
yclO ABC transporter (3.8) (1.2) (8.9) (2.3)
yclP Ferrichrome ABC transporter 3.7) (1.3) (10.5) (2.7)
yelQ (3.5) (1.2) (6.4) (2.7)
yfmC Ferrichrome ABC transporter (4.1) (2.1) (15.4) (2.8)

¢ Experimental conditions and data presentation are as described in Tables 1 and 2.

4461



4462 YE ET AL. J. BACTERIOL.
51 —
a1l ENITRATE
ONITRITE — 1
M FERMENTATION
c EIFERMENTATION+PYRUVATE
2 3
k7]
>
°
£
L
[=]
T 21
(]
L.
\ N N
t i\\‘ t § 1 § t . t
feuA feuB feuC  ybbA yuil dhbA dhbC dhbE dhbB  dhbF
Genes

FIG. 1. Expression of genes involved in iron uptake by B. subtilis JH642 grown under anaerobic conditions. The growth conditions were the same as those described
in Table 1. The fold induction value was obtained by calculating the ratio of the dye intensity of the anaerobic sample to that of the aerobic sample. Each data point

is an average of the results of four independent experiments.

uptake function, were also reduced (Table 3). These repression
effects were alleviated by the addition of pyruvate.

Induction of genes involved in macrolide or antibiotic pro-
duction. During anaerobic growth, the mRNA levels for genes
involved in the production of three types of antibiotics were
increased (Table 5). Induction of the sbo-alb locus responsible
for the production of the subtilosin A (1, 30) was increased by
4- to 90-fold. Induction of the sunA gene, which encodes a
lantibiotic precursor (24), was 6- to 11-fold higher. Only a
slight induction was found with a number of pks genes involved
in macrolide biosynthesis during nitrate respiration, but levels
were higher during respiration on nitrite or under fermenta-
tion conditions. The unknown gene ydhE, which encodes a
protein similar to macrolide glycosyltransferase, was also in-
duced (Table 3).

Gene expression profiles of resDE mutant. Since the resDE
mutant cannot grow on nitrate or nitrite under anaerobic con-
ditions, mRNA levels from both wild-type and mutant strains
induced under oxygen-limiting conditions without the presence
of nitrate or nitrite were compared. It has been reported that
expression of resABCDE, qcrABC, narGHII, ctaABCD, nas-
DEF, hmp, and sbo-alb is regulated by ResDE (15, 16, 21, 28,
30). Similar observations were made with DNA microarrays
(Table 6). In this experiment, the levels of mRNA for narGHJI
in the resDE mutant were 37- to 53-fold lower than those in the
wild type. Yet, significant amounts of mRNA for these genes
were present in the mutant strain after anaerobic induction
(data not shown). The same phenomenon was found with the
narK and fnr genes. Only background levels of mRNA signals
for these nar genes were, however, detected in the frnr mutant
strain THB2. The array data also showed that mRNA levels for
qoxABCD and hemEHY in the resDE mutant strain were re-
duced compared to those in the wild type (Table 6). Further-
more, the resDE mutation affected the mRNA levels of a

number of other genes, including sunA, yoll, yoll, yfmQ, ytkA,
yxaL,yxaK, ywcl, yvyD, and yncM. Expression of IctE and alsSD
was increased in both wild-type and mutant strains under ox-
ygen-limiting conditions, but the extent of induction was re-
duced in the resDE mutant. No difference in mRNA levels was
observed for the cydABCD region.

When the expression profiles were compared with those of
cells induced under anaerobic conditions in the presence of
nitrate, a drastic reduction in transcription levels of the
pdhABCD region was found in the mutant but not in the wild
type (data not shown). A reduction in pdhABCD expression
reflects the inability of the resDE mutant to utilize nitrate or
nitrite as an electron acceptor under anaerobic conditions.

The DNA microarrays were also used to investigate changes
in gene expression patterns in the resDE mutant strain during
exponential growth under aerobic conditions (Table 7). The
mRNA levels of cydABCD were increased, and expression of a
group of genes including IctP, IctE, alsS, alsD, glpD, mtID, yrhG,
yrhE, yrhD, yjIC, and yjID appeared to be slightly elevated.
These genes encode proteins that are involved or possibly
involved in carbon metabolism and the production of acids.
This observation is consistent with a previous report stating
that the resDE mutant accumulates elevated levels of cyto-
chrome b and acids (28).

DISCUSSION

A genome-wide comparison of the gene expression profiles
of aerobic and anaerobic cultures of B. subtilis during expo-
nential growth in 2X YT rich medium revealed that many
genes were differentially expressed. During dissimilatory re-
duction of nitrate, the most highly induced genes or regions
were narGHII, narK, far, and hmp, followed by nasDEF, cyd-
ABCD, sbo-alb, ywiD, and ywiC. Other induced genes or re-
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TABLE 4. Expression of genes involved in electron transport or cytochrome metabolism in B. subtilis
JH641 grown under anaerobic conditions*

Induction (fold)

Gene Description
Nitrate Nitrite Fermentation

cydA Cytochrome bd ubiquinol oxidase (subunit I) 54 27.8 62.2
cydB Cytochrome bd uniquinol oxidase (subunit II) 16.1 40.0 78.4
cydC ABC membrane transporter (ATP-binding protein) 16.5 61.2 104.4
cydD ABC membrane transporter (ATP-binding protein) 19.6 59.4 74.2
ctaA Heme-containing membrane protein 6.5 11.1 13.7
ctaB Cytochrome caas oxidase assembly factor 2.1 35 4.1
ctaC Cytochrome caas oxidase (subunit IT) 53 6.1 9.7
ctaD Cytochrome caas oxidase (subunit I) 4.5 6.6 11.4
ctak Cytochrome caa; oxidase (subunit IIT) 3.6 3.6 53
ctaF Cytochrome caas oxidase (subunit IV) 1.8 1.9 2.6
ctaG 2.4 2.5 2.4
hemH Ferrochelatase 6.3 8.3 13.8
hemY Protoporphyrinogen IX and coproporphyrinogen III oxidase 6.2 8.1 12.1
hemE Uroporphyrinogen III decarboxylase 52 8.3 12.5
resA Similar to cytochrome ¢ biogenesis protein 3.8 6.1 6.0
resB Similar to cytochrome ¢ biogenesis protein 42 5.7 6.3
resC Similar to cytochrome ¢ biogenesis protein 4.5 6.6 6.5
qcrA Menaquinol:cytochrome ¢ oxidoreductase (iron-sulfur subunit) 3.6 3.7 2.6
qcrB Menaquinol:cytochrome ¢ oxidoreductase (cytochrome b subunit) 3.8 3.8 3.0
qcrC Menaquinol:cytochrome ¢ oxidoreductase (cytochrome bc subunit) 2.3 1.7 1.7
qoxA Cytochrome aa; quinol oxidase (subunit IT) 2.0 3.0 2.9
qoxB Cytochrome aa; quinol oxidase (subunit I) 2.0 2.8 32
qoxC Cytochrome aa; quinol oxidase (subunit IIT) 2.1 3.0 2.5
qoxD Cytochrome aa; quinol oxidase (subunit IV) 22 34 3.0

¢ Growth conditions and data presentation are as described in Table 1. No pyruvate was added for fermentation growth.

gions included hemHYE, resABCDE, ctaABCDEFG, alsSD, During dissimilatory reduction of nitrite, similar gene expres-
ydjL, ywcl, sunA, ywfl, yfmQ, ydbN, and many others. At the sion patterns were observed. In addition, the dhbACEB cluster
same time, expression of a few DNA regions such as glpTQ, that is involved in iron uptake or transport and the unknown
gIpFK, yjICD, and yxxG-yxiM was reduced (Tables 2 and 3). regions ykuNPO and yukML were highly induced (Table 3 and

TABLE 5. Expression of genes or DNA regions related to antibiotic production or polyketide biosynthesis in B. subtilis
JH642 when grown under anaerobic conditions®

Induction or repression (fold)

Gene Description Fermentation
Nitrate respiration Nitrite respiration
—Pyruvate +Pyruvate

sbo Subtilosin A 14.4 335 66.1 423
albA Similar to protein for PQQ synthesis 21.4 42.8 91.3 38.6
albB 8.0 18.2 31.0 16.1
albC Similar to ABC-type transporter 8.9 15.0 37.0 18.8
albD 18.9 38.0 55.9 30.5
albE 29.7 40.1 54.0 38.6
albF Similar to processing peptidase beta subunit 20.6 49.7 77.9 41.7
albG 4.7 14.2 26.9 8.0
sunA Sublancin 168 lantibiotic precursor 8.8 11.5 6.1 7.7
pksB Polyketide biosynthesis 1.8 2.4 3.7 2.4
pksC 2.7 6.0 12.1 6.1
pksD 3.7 10.1 21.8 11.2
pksE 22 6.1 9.0 3.9
pksF 1.9 6.7 7.4 6.1
pksG 22 7.7 4.6 9.1
pksH 1.6 5.8 2.8 6.0
pksl 1.9 5.6 2.9 7.3

¢ Growth conditions and data presentation are as described in Tables 1 and 2. —Pyruvate, without pyruvate; +Pyruvate, with pyruvate.
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TABLE 6. Difference in mRNA levels between the wild-type and
resDE mutant strains after anaerobic induction in the
absence of nitrate and nitrite”

DNA Difference in mRNA level (fold)”

“ The wild-type and mutant cultures were placed in serum bottles with Teflon-
coated stoppers when the aerobic cultures reached an OD at 600 nm of approx-
imately 0.3. Oxygen-limiting conditions were obtained by sparging the bottles
with argon gas for 2 min. The cultures were then incubated at 37°C with shaking
(200 rpm). Total RNA was isolated after 2 h of induction. No nitrate or nitrite
was added.

® Data are ratios of the dye intensity of the wild-type strain to that of the
mutant strain. Each data point is an average of the results from three indepen-
dent experiments. A ratio of 2.0 or below was not considered a significant
increase.

J. BACTERIOL.

TABLE 7. Genes that showed increases in mRNA levels in
resDE mutant grown under aerobic conditions”

Gene Description In&l(l)({(t;)o n
cydD 12.0
cydC 9.8
cydB 53
cydA 5.4
yrhG Similar to formate dehydrogenase 9.9
yrhE Similar to formate dehydrogenase 5.6
yrhD Unknown 38
lctP 6.6
lctE L-Lactate dehydrogenase 2.9
alsS Acetolactate synthase 2.7
alsD 2.6
glpD Glycerol-3-phosphate (G3P) dehydrogenase 43
mtlD Mannitol-1-phosphate dehydrogenase 53
ylC Unknown 34
yilD Similar to NADH dehydrogenase 34

“ Mutant and wild-type strains were grown under aerobic conditions to the
exponential phase. Total RNAs from these two strains were labeled with either
Cy3-dCTP or Cy5-dCTP. The probes were then combined and hybridized to the
same slide. The fold induction was the ratio of the dye intensity of the mutant to
that of the wild-type strain. (Data are averages from at least three independent
experiments.)

Fig. 1). During the inefficient fermentative growth on glucose,
expression of a broad spectrum of genes was affected. A re-
duction in pdhAB expression and a dramatic increase in IctPE
expression (Table 2) may be the signature gene expression
profile of this anaerobic condition. Furthermore, many ribo-
somal genes involved in protein biosynthesis were repressed
(data not shown), probably reflecting reduced protein biosyn-
thesis due to a slower growth rate. Poor fermentative growth
on glucose is likely caused by a lack of pyruvate production
under anaerobic conditions (18). With the addition of pyru-
vate, repression of pdhAB and a few other genes was alleviated
(Tables 2 and 3).

The DNA microarray data showed that many genes with
unknown functions were induced under anaerobic conditions.
One of the unknown genes was ydjL, which had an expression
pattern similar to that of the alsSD operon that is involved in
the conversion of pyruvate to acetoin (Table 2). Whether YdjL
has the 2,3-butanediol dehydrogenase activity as suggested by
protein sequence similarity needs to be further investigated.
Another uncharacterized region, yollJK, was located down-
stream from the sunA gene encoding a lantibiotic peptide (24).
Both the sunA4 gene and yoll/JK region were induced under
anaerobic conditions. The possible role of yoll/K in the pro-
cessing of lantibiotic sublancin 168 has yet to be determined. It
is apparent that genetic and biochemical studies are essential
to validate hypotheses generated by DNA microarrays.

There have been reports that a significant number of genes
are induced under anaerobic conditions as well as at the sta-
tionary phase. The sbo-alb operon is induced under anaerobic
conditions and during the stationary phase (21, 30). The same
observation has also been made with the alsSD region (Table
2) (16, 25). These results indicate that anaerobic metabolism
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and stationary growth share some similarities in regulatory
circuits.

It has been reported that ResDE regulates the expression of
genes involved in carbon metabolism, aerobic and anaerobic
respiration, and antibiotic production (16, 21, 23, 28). The
DNA microarray experiment revealed that in the mutant strain
mRNA levels of many genes in addition to those listed in Table
6 were reduced compared to those in the wild type after an-
aerobic induction in the absence of nitrate or nitrite. Results
obtained by DNA microarray alone, however, cannot deter-
mine which genes are directly regulated by ResDE. It is pos-
sible that lower levels of transcription for many of these genes
are simply due to the pleiotrophic effects of resDE mutation.

Three types of terminal oxidases have been found in B.
subtilis: aas, caa,, and bd. The presence of multiple respiratory
mechanisms and their differential expression under different
conditions is believed to be advantageous in coping with
changes in oxygen and nutrient availability. In E. coli, the
cytochrome d oxidase has a higher affinity for oxygen than the
cytochrome o oxidase complex, and it accumulates as oxygen
becomes limiting (3, 4). Expression of the cyd4AB genes is
controlled by both the ArcA/ArcB two-component regulatory
system and FNR. In B. subtilis, neither the ResDE nor the
FNR regulator was essential for the expression of the cyd
region since this region was induced under anaerobic condi-
tions in the fnr mutant THB2 (data not shown) and resDE
mutant strain RY106 (Table 6). This result indicates that reg-
ulation of the ¢ydABCD region depends on another regula-
tor(s) that may sense the oxygen level, substrate availability, or
electron flow. The ResDE mutant lacks the production of
cytochrome aa; which is required for the biosynthesis of both
cytochrome caa; and cytochrome aa; oxidases (28). An in-
crease in expression of cyd genes in aerobic culture of resDE
mutant (Table 7) suggests that the cytochrome bd complex may
be needed to compensate for the lack of terminal oxidases.
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ADDENDUM

During the preparation of the manuscript, Marino et al. (17)
found that synthesis of the YwfI protein was increased under
anaerobic conditions, while amounts of Yj1D and G1pK were
decreased. Meanwhile, Nakano et al. (21) and Zheng et al. (30)
demonstrated that the sbo-alb operon was induced under an-
aerobic conditions and regulated by both ResDE and Spo0.
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